A B S T R A C T The nephron segment responsible for the acetazolamide-insensitive fraction of renal bicarbonate reabsorption has not been clearly delineated. This study compares superficial and deep nephron bicarbonate reabsorption before and after acetazolamide at two dose levels (20 and 50 mg/kg per h) in mutant Munich-Wistar rats employing both cortical and papillary micropuncture and microcalorimetry. Systemic acid-base balance and right whole kidney glomerular filtration rate were similar in all groups examined. The effects of the two doses of acetazolamide were indistinguishable and resulted in a significant increase in whole kidney bicarbonate excretion that compared favorably with the fraction delivered out of the left papillary tip. Acetazolamide inhibited superficial proximal bicarbonate reabsorption by 80.0%, whereas reabsorption up to the deep loop of Henle was decreased by only 52% (P < 0.001). Bicarbonate reabsorption that was insensitive to acetazolamide occurred in the superficial and deep loop of Henle and between the distal tubule and base collecting duct. Because water reabsorption in these segments could serve to generate transepithelial bicarbonate concentration gradients favorable for reabsorption, we attempted to minimize water abstraction by combined administration of mannitol and acetazolamide. During this condition a significant increase in bicarbonate delivery up to the deep loop of Henle was noted (52 vs. 65%), whereas superficial nephron reabsorption was not altered. Furthermore, an outwardly directed bicarbonate concentration gradient from the deep loop of Henle 
INTRODUCTION
Recent in vivo and in vitro microperfusion and freeflow micropuncture studies have demonstrated that carbonic anhydrase inhibition, either by systemic administration or luminal application of the inhibitor, results in an 80-90% reduction in proximal tubule bicarbonate reabsorption (1) (2) (3) (4) (5) . This marked degree of inhibition in the proximal tubule contrasts sharply with the widely observed effects of acetazolamide on whole kidney bicarbonate reabsorption. In this regard, Cogan and associates (2) have recently demonstrated that despite an 80% reduction in absolute and fractional proximal total CO2 (tCO2)' reabsorption after systemic administration of acetazolamide, whole kidney fractional excretion averaged only 25%. Moreover, data from this (3) and other laboratories (1, 2, 4) have clearly demonstrated that bicarbonate reabsorption in the proximal tubule is highly dependent on carbonic anhydrase. However, the large acetazolamide-insensitive fraction of bicarbonate reabsorbed beyond the proximal tubule far exceeds the amount that can be accounted for by the uncatalyzed hydration reaction (2, 6) . To account for the residual 20% reabsorbed by the superficial proximal tubule, and the large fraction reabsorbed elsewhere, several possible mechanisms have been proposed. These various hypotheses include: (a) carbonic acid recycling (7) , (b) direct bicarbonate ion reabsorption (8, 9) , or (c) incomplete carbonic anhydrase inhibition in other nephron segments (10) .
It appears appropriate, however, to define the nephron segment or segments responsible for the acetazolamide-insensitive fraction of bicarbonate reabsorption more clearly before such diverse mechanisms can be substantiated. Although it has been suggested that the site(s) for this process might include juxtamedullary proximal tubules, the loops of Henle, or more distal segments (6) (12, 13) . Transit times > 13 s or a mean arterial blood pressure < 100 mm Hg were cause for rejection at this point. 1 h after initiation of the inulin infusion and at least 30 min after the last lissamine green dye injection, whole kidney clearance periods (30 min) and micropuncture were begun. Urine for whole kidney glomerular filtration rate (GFR) and bicarbonate excretion rates was obtained from the right untouched kidney collected via the urinary bladder into preweighed vials containing mineral oil. Acid-base status of the rat was monitored and carefully maintained exactly as previously described (14, 15) . Micropuncture of the desired cortical or papillary nephron segment was accomplished with sharpened micropipettes containing Sudan-colored mineral oil exactly as previously described in detail (12, 13) . Descending or ascending vasa recta samples were collected in some of the groups noted below by the technique described by Lacy (17) immediately after collection as previously described (14) . Vasa recta plasma tCO2 concentration was similarly determined after centrifugation of the collection pipette as previously described for stellate vessel plasma (14) , and carefully evaluated for contamination by collecting duct fluid according to the methods of Gelbart and associates (16 Plasma tCO2 concentration was corrected for plasma water and Donnan equilibrium from measured serum solids. We employed a water correction factor of 0.93 ml/ml plasma for plasma water, and 1.05 for the Gibbs-Donnan correction factor (16, 18) .
The results are expressed as mean values±the respective SE for each group and analyzed by the t-test for unpaired or paired data as appropriate.
RESULTS
Whole kidney data. Systemic arterial blood gases and electrolytes, and right whole kidney pH, GFR, and bicarbonate excretion are summarized for all groups in Table I . Values for control rats are compatible with previous results from our laboratory (14) . The results in all controls were indistinguishable and have been combined. Plasma electrolytes remained unchanged, and except for the expected effect on systemic arterial Pco2 (PaCO2), arterial blood gases were unaltered after acetazolamide or acetazolamide plus mannitol. The effect of acetazolamide on erythrocyte carbonic anhydrase and the resulting hypercapnia is compatible with the results of others (2) . Urine pH,
[tCOK, flow rate, absolute bicarbonate excretion, and fractional bicarbonate excretion all increased significantly after acetazolamide administration (groups II, III, V vs. group I, P < 0.001). The effect of higher doses of acetazolamide (group III) on these same parameters was not different than in group II (P > 0.05). The group receiving mannitol displayed a much higher urine flow rate (P < 0.001) than controls, whereas GFR, fractional excretion of tCO2 (FEtCO2)%, and absolute excretion of tCO2 remained constant (P > 0.05). Mannitol plus acetazolamide (group V) increased urine pH, [tCO2], bicarbonate excretion, flow rate, and fractional bicarbonate excretion significantly when compared with mannitol alone. Mannitol plus acetazolamide increased the FEtCO2% to 43.6±4.1%, which was significantly greater than the effect of lower doses of acetazolamide alone (P < 0.01) (group II), but was not different than group III (P > 0.05).
Micropuncture data. The micropuncture findings are summarized in Table II and Fig. 1 for each nephron segment in each group. The values for tubular fluid to PI,, ratio (TF/Pln), [tCO2] , and the fractional delivery of tCO2([TF/PC101/1n%) in control rats in the late proximal tubule and distal tubule are compatible with previous reports from this and other laboratories (2, 14, 19) . The bicarbonate concentration in the juxtamedullary loop of Henle was significantly greater than in the superficial late proximal tubule (P < 0.001), but the fractional delivery to each of these segments was similar (12.1±2.8 vs. 9.0±0.9, P> 0.05). Therefore, the apparent increase in bicarbonate concentration between these two segments can be accounted for by water abstraction (TF/P1n = 2.28±0.07 to 9.38±0.84, Third, a significant portion of the filtered bicarbonate was reabsorbed between the superficial late proximal and late distal tubule as well as between the deep loop of Henle and the base collecting duct during acetazolamide administration. This observation suggests that either the proximal convoluted tubule, proximal straight tubule, the distal tubule, or the loop of Henle per se of either or both populations of nephrons was responsible for reabsorption of 30-40% of the acetazolamide-insensitive fraction. Fourth, a significant portion of the remaining fraction reabsorbed appeared to be in structures between the superficial distal tubule and the base of the collecting duct. Fifth, the favorable transepithelial concentration gradient between the deep loop of Henle and the vasa recta was obliterated during combined mannitol and acetazolamide administration. Finally, the observation that the segmental reabsorptive patterns were similar for both doses of acetazolamide suggests that incomplete inhibition of the enzyme is an unlikely explanation for the observations in this study.
The effect of acetazolamide and acetazolamide plus mannitol on fractional bicarbonate reabsorption is outlined in Fig. 2 . The effect of acetazolamide on bicarbonate reabsorption in the superficial proximal tubule (80% inhibition) has been noted by other investigators using similar techniques in vivo (2, 3, 20) and in vitro (1, 5, 22 (22) . More importantly, the juxtamedullary proximal convoluted tubule demonstrated a higher basal reabsorptive rate so that a higher residual reabsorptive rate was present after acetazolamide (22) . Moreover, Warnock and Burg (23) have reported that the uninhibited juxtamedullary proximal straight tubule reabsorbed significantly more bicarbonate than the superficial pars recta. One would conclude from these two studies that both the juxtamedullary proximal convoluted tubule and straight portion are likely candidates for the results noted in the present study. The descending limb of Henle would be an unlikely candidate since the permeability coefficient of all ions examined thus far has been extremely low (24) . Furthermore, the observation that the delivery to the deep loop of Henle was similar to that delivered to the superficial distal tubule is further indirect evidence for this view (Fig. 2) . In this respect, our findings suggest that a significant fraction of the acetazolamide-insensitive component of bicarbonate reabsorption is a re-sult of reabsorption in the proximal straight tubule of the superficial population and the proximal straight and proximal convoluted portion of the juxtamedullary segment. The specific nephron segment responsible for the reabsorption of '20% of the filtered bicarbonate between the superficial distal tubule and base of the papillary collecting duct cannot be stated with certainty. Recent evidence from our laboratory supports a low capacity for bicarbonate reabsorption in the distal tubule (25) . Similar conclusions have been reached from examination of the cortical collecting tubule in vitro (26) . The capacity for bicarbonate reabsorption in the medullary collecting duct was shown to exceed the capacity of the cortical portion by these same investigators, however (26) . We have recently demonstrated a significant acid disequilibrium pH at the base collecting duct during bicarbonate loading (11) but not in the late distal tubule under similar conditions (19) . Taken together, these findings suggest that the predominant portion of the 20% reabsorbed between these two micropuncture sites (superficial distal tubule and base papillary collecting duct) during acetazolamide administration occurred in the medullary collecting duct.
Bicarbonate reabsorption along the papillary collecting duct was not observed in this study during administration of a carbonic anhydrase inhibitor (groups II, III, and V). This observation is compatible with the absence of carbonic anhydrase in this segment as noted in recent histochemical studies (27) . Our finding of no significant bicarbonate in this segment during acetazolamide administration is similar to the recently reported finding of others (28) .
In evaluating the nephron segments responsible for reabsorption of the acetazolamide-insensitive portion of bicarbonate reabsorption and the disparate effect on the superficial and juxtamedullary nephron population, we were intrigued by the relationship between bicarbonate reabsorption and water abstraction in these segments. Fractional bicarbonate reabsorption in segments beyond the proximal tubule occurred in association with a significant increase in the TF/P,1 and tCO2 concentration (group III, Table II (20) have recently examined the determinants of superficial proximal bicarbonate, chloride, and water reabsorption during carbonic anhydrase inhibition. These workers observed a significant decrease in fractional bicarbonate reabsorption in this segment as a result of acute volume expansion with Ringer's bicarbonate when carbonic anhydrase was inhibited. Plasma expansion with concomitant acetazolamide administration had no effect on fractional absorption in the proximal tubule, however. It is possible that an increase in flow rate in the deep nephrons would also be associated with a decline in fractional bicarbonate and salt transport in our study as well. Because carbonic anhydrase-independent acidification may be sensitive to changes in luminal concentrations of bicarbonate, the addition of mannitol in the inhibited state could be associated with a reduction in proton secretion as a result of a decrease in cellular acidification independent of carbonic anhydrase. We have not examined the role of flow rate or luminal bicarbonate concentrations per se in the present study. In addition, several differences in protocol in the above study (20) and our study preclude such comparisons. For example, Cogan and Rector (20) examined bicarbonate transport only in the superficial proximal tubule where the transepithelial bicarbonate concentration gradient was minimal and a disequilibrium pH was present (19) . In contrast, we have measured very large concentration gradients in the deeper and more distal segments where disequilibrium is not present. These investigators also noted quite different results with plasma expansion and Ringer's expansion as mentioned (20) . Although only colloid-free Ringer expansion decreased proximal tubule bicarbonate reabsorption in their study (20) , the addition of mannitol, in our study, slightly increased fractional reabsorption (Table II) In summary, significant nephron heterogeneity for transport of bicarbonate during carbonic anhydrase inhibition is demonstrated by our findings. The relationship between bicarbonate reabsorption and water abstraction in segments beyond the proximal tubule, the favorable transepithelial concentration gradient for bicarbonate reabsorption generated by acetazolamide in these segments, and the alteration of both of these parameters by mannitol administration suggests that the reabsorption of bicarbonate during inhibition of the enzyme is accomplished, in part, by passive bicarbonate transport. The contribution of carbonic acid recycling would be anticipated to be most significant in segments in which an acid disequilibrium pH would be present during carbonic anhydrase inhibition (proximal tubule, medullary, and papillary collecting tubule) (11, 19, 31, 32) . The quantitative contribution of carbonic acid recycling cannot be stated with certainty in the absence of information regarding the permeability of the luminal membrane to carbonic acid, or the magnitude of the disequilibrium pH in the juxtamedullary nephron segments. The evidence that bicarbonate reabsorption is accomplished predominately by proton secretion when the enzyme is intact appears overwhelming (19, 31, 32) . The present results may not pertain to the normal physiological acidification in the kidney in the uninhibited state but emphasize the important contribution of favorable concentration gradients generated by inhibition of the enzyme. A more rigorous examination of this hypothesis requires knowledge of the permeability to bicarbonate and the magnitude of bicarbonate transport when similar concentration gradients are imposed in the segments in question.
